This paper reports two types of compact dual-band bandpass filters for wireless local area network (WLAN) applications operating at two frequency bands of 2.4 and 5.2 GHz. The two types of filters (contact-type and capacitive-type) are focused on their digital mode operations in order to alternatively select the operational frequency band of the WLAN. Different types of micromachined frequency-tuning elements having only two states are implemented on each filter to control the center frequencies of the filters. Two digitally operated WLAN filters are fabricated using a surface micromachining technology, which enables us to make simple planar structures of the filters, resulting in easy integration with other planar circuits. Besides, external switching devices for frequency selection are not required, since they are already implemented on the filter's own structures. One of the proposed filters is a contact-type filter using switched inductors with direct-contact MEMS switches. In this filter, a precise and stable frequency-tuning ratio can be obtained because the center frequency is changed by total inductance change due to ON/OFF actuations of the switch. The measured center frequencies of the filter were 2.5 and 5.1 GHz (49% tuning ratio), and the passband insertion loss and return loss were 4.7 dB and 21.5 dB at 2.5 GHz, and 5.2 dB and 21 dB at 5.1 GHz, respectively. The other is a low-loss capacitive-type filter using micromachined variable capacitors. The frequency tunability of this filter is controlled by discrete change of a capacitance according to simultaneous actuations of a total of 12 variable capacitors. This filter shows lower loss compared to the contact-type filter, since loss due to contact resistance of the switch is not included in this filter configuration. The initial center frequency was measured to be 5.4 GHz and it was shifted to 2.6 GHz (48% tuning ratio) with the applied voltage. The total insertion loss and return loss were 2.8 dB and 24
Introduction
Tunable filters are basic components for multi-band wireless communication systems, and developments of more efficient tunable filters including various frequency-tuning methods have been a research target for many researchers. Generally, conventional tunable filters have utilized the semiconductorbased electrical frequency-tuning elements such as active resonators and electrical varactor diodes [1] . Although the solid-state tuning elements show superior RF performances at high frequency, they suffer from high-power dissipation and nonlinearity. Moreover, as the need for small, cheap and simple systems gradually increases, many researchers are exploring smart and compact devices to meet the people's demands. Advances in RF-MEMS technology make it possible to implement micromachined frequency-tuning elements having many advantages of low-loss, low-power consumption, small size and high linearity on the tunable filter system instead of the conventional electrical devices, and provide many possibilities for achieving the desired characteristics of the tunable filter [2] [3] [4] . It is for this reason that a number of researchers introduce MEMS devices into the tunable filter systems. With growing demands for a MEMS tunable filter, many micromachined components have been developed and employed as the tuning elements in the filter systems. Among the micromachined tuning elements, variable capacitors, MEMS microrelays and transmission lines have been most widely utilized [5] [6] [7] [8] [9] [10] [11] [12] [13] . Tamijani et al developed the tunable bandpass filter using an array of RF MEMS varactors, which have a tuning range of 14% from 18.6 to 21.4 GHz. They used six MEMS bridges in order to increase the tunability [5] . Streeter et al demonstrated a tunable filter using thermally actuated microrelays. As a result, they successfully realized a tunable filter which has insertion loss less than 1 dB at the tuned frequencies of operation [6] . Lakshminarayanan et al presented a two-state bandpass filter using a transmission line with periodically loaded MEMS capacitors. The operating frequencies of this filter were 16.5 and 22 GHz, and it exhibited relatively low losses of 2.3 dB and 3.3 dB at 16.5 and 22 GHz, respectively [7] . WLAN is one of the most attractive application fields of MEMS-based tunable filter. Recently, the advent of dual-band wireless systems enabling mobile network connections has led to the explosive expansion of the WLAN marketplace. It is believed that MEMS-based tunable filters will enable us to realize efficient dual-band WLAN in terms of loss, cost, size, linearity, dissipated power and so on. Nishihara et al have presented a 5 GHz WLAN filter using film bulk acoustic wave (FBAR) [14] . Although the FBARbased WLAN filter shows good filter responses, it cannot avoid the fabrication complexity and difficulty in integration with other planar circuits, since it is fabricated with threedimensional structures. Moreover, two FBARs and external switching elements for frequency selecting are required in order to apply to the WLAN having two operating frequency bands.
The goal of this work is to develop MEMS-based planar-type WLAN filters with digital-type frequency-tuning elements in order to give the feasibility for a more efficient WLAN system. For this purpose, we demonstrate two different types of dual-band bandpass filters in this paper. The first one employs the switched inductor using the directcontact MEMS switch to tune the center frequency of the filter, while the second one utilizes cascaded variable capacitors. The proposed frequency-tuning elements are available for obtaining a discrete change of the center frequencies for WLAN applications, since they are focused on having only two states. Additionally, because the proposed filters are made of planar structures incorporated with the tuning components, device manufacturing and integration with other planar circuits are compatible, and external frequency-selecting devices are not required, resulting in the realization of very compact filters.
Design
All the components of the filters were designed and simulated with the aid of a commercially available electromagnetic (EM) simulator, IE3D and circuit simulator, ADS. All efforts at filter design were focused on achievement of the digital frequency tuning in order to be applicable to WLAN. The LCresonance frequencies of the designed filters are controlled by changing the total inductance and capacitance of the filters, respectively.
Contact-type tunable filter
The overall design of the contact-type filter is based on the capacitive-gap-coupled half-wavelength transmission line filter topology. The initial filter design starts with the classical maximally-flat low-pass prototype having a center frequency of 3.8 GHz. The mid-band frequency of 3.8 GHz between 2.4 and 5.2 GHz was chosen as the initial center frequency to maintain the bandpass filter characteristics even at both extreme WLAN frequencies. Figure 1 shows a schematic and a simplified equivalent circuit of the proposed contact-type tunable filter. We first implement two switched inductors using direct-contact-type MEMS switches as the frequency-tuning elements on our filter topology. Each switched inductor is composed of a spiral inductor and a direct-contact MEMS switch. In the switch OFF state, the incident RF signal flows along the spiral inductors. In this case, the initial inductance of the filter is designed to be 4.2 nH. When the switch goes to the ON state with the applied dc bias voltage, total inductance of the filter is decreased to 0.924 nH from the initial value. Therefore, the center frequency of the filter moves to the highfrequency band. Metal-insulator-metal (MIM) capacitors (C 1 and C 2 ) are used to give a correct bandwidth. In this filter, an accurate and stable frequency-tuning ratio can be obtained because the frequency tunability is only controlled by physical length changes of the signal line due to definite connect/disconnect states of the MEMS switch. The total size of the designed filter is 3.53 mm × 1.21 mm. The spiral inductors and coplanar waveguide (CPW) transmission lines were fabricated using a gold electroplating technique on a quartz substrate. The MEMS switch was built on the CPW line. Figure The total length and width of the switch membrane are 552 and 100 µm, respectively. The actuation plates are composed of a 2 µm thick electroplated nickel layer to minimize the bending or deformation of the switch structure. The contact bar is connected with the actuation plate through a silicon nitride (Si 3 N 4 ) layer for electrical isolation between the two parts, and suspended 1 µm over the separated signal line. By electrostatic actuation of the switch, the contact bar makes metal-to-metal electrical contacts between the separated signal lines. Therefore, the applied RF signal flows not through the spiral inductors, but through the straight signal line to the output port. The support beam is employed to improve the contact force as well as to decrease the structural deformation of the switch. 
Capacitive-type tunable filter
Low-loss tunable filters can be realized by using variable capacitors, since they have relatively higher Q and a simpler structure than a direct-contact MEMS switch. The initial prototype of this filter is an ideal two-pole Chebyshev polynomial with a 0.1 dB ripple. Figure 3 shows a schematic view and an equivalent circuit of the capacitive-type tunable filter. In this filter configuration, spiral inductors (L 2 ) and variable capacitors (C 2 ) constitute the LC resonators, and the actuation of the variable capacitors changes the total capacitance of the resonator, resulting in a shift of the center frequency. The up-state capacitance is determined by the initial gap between the bridge structure and the bottom electrode. When a dc bias voltage is applied, the bridge makes a contact with the bottom dielectric layer and forms a MIM capacitor. Therefore, the total capacitance of the resonator is increased and the center frequency is shifted to the low-frequency band. The variable capacitors (C 1 and C 2 ) are assumed to have a capacitance ratio of 5.5. The dielectric thickness and initial air-gap of variable capacitors were determined to be 0.35 µm and 1 µm in order to have the capacitance ratio of 5.5 according to our previous works [15] and in-house experiment database. A total of 12 variable capacitors are fabricated by cascading unit variable capacitors to increase the frequency tunability of the filter, and four of them are also used as matching capacitors to maintain the initial filter characteristics even at the tuned frequency band. By applying the bias voltage, all the variable capacitors are simultaneously actuated, resulting in the digital tuning of the center frequency. Because low-loss variable capacitors are utilized in this filter, the passband insertion loss can be maintained at low level. The schematic view of a unit variable capacitor is illustrated in figure 4 . The total length of the bridge is 260 µm, and the designed capacitance area of the variable capacitor is 110 µm × 80 µm. The bridge structure was made of a 2 µm thick electroplated gold layer and is initially suspended 1 µm above the bottom dielectric layer. A 0.35 µm thick silicon nitride layer is used not only to avoid dc short, but also to make the MIM capacitor in the down state.
Fabrication
Two types of the filters demonstrated in this paper are fabricated using surface micromachining and a subsequent releasing technique. A 520 µm thick quartz wafer (ε r = 3.78) is chosen as a bottom substrate and a 3 µm thick CPW transmission line is formed by a gold electroplating process on the quartz substrate. The actuating parts of the MEMS switch and variable capacitor are composed of electroplated nickel and electroplated gold, respectively. A NiCr resistive line is connected between the bottom electrode and the dc bias pad to isolate the dc and RF signals. A 0.3 µm thick silicon nitride layer is used to avoid electrical short between the moving part and the bottom electrode. The fabrication sequence of the contact-type filter is described in figure 5 . First, a 800Å thick NiCr resistive line is patterned on the quartz substrate by a lift-off process. On top of that, a 3 µm thick CPW transmission line is formed using the gold electroplating method under the current density of 4 mA cm -2 . With this current density value, the electroplating rate is measured to be 0.25 µm min -1 . The 0.3 µm thick silicon nitride layer is deposited and patterned on the ground plates for electrical isolation between the actuation pad and the bottom electrode. Plasma enhanced chemical vapor deposition (PECVD) process is used to deposit the silicon nitride ( figure 5(a) ). Then, a gap filling process is followed to make a flat surface ( figure 5(b) ). Commercial photoresist AZ1512 is used as a sacrificial layer material. The deposited sacrificial layer is patterned and thermally cured from 120 to 210
• C to obtain the inclined sidewall. The thickness of the sacrificial layer is 1.5 µm after the curing process, and it can be controlled by the spin speed of the photoresist. Next, the contact bar region is slightly etched by anisotropic reactive ion etching (RIE). Through this process, the gap between the contact bar and the signal line is determined to be 1 µm ( figure 5(c) ). The electroplated gold is also used as a contact bar material. Then, the 0.3 µm thick silicon nitride layer is deposited and patterned to connect the contact bar with the actuation pad ( figure 5(d ) ). The actuation pad is formed by the electroplating of a 2 µm thick nickel layer. The nickel electroplating process is performed with a current density of 10 mA cm -2 and an electroplating rate of 0.18 µm min -1 ( figure 5(e) ). Finally, the sacrificial layer is removed by oxygen plasma treatment and all the moving structures are released at the same time ( figure 5(f ) ). Figure 6 shows the scanning electron microscope (SEM) photographs of the fabricated filter.
In the case of the capacitive-type filter, the fabrication process is simpler than that of the contact-type filter. Figure 7 shows the fabrication process of the capacitive-type filter. Up to figure 7(b), fabrication sequences are the same as those of the contact-type filter, except that the dielectric layer is also formed on the central signal line. Then, a 2 µm thick bridge structure is formed on the 1 µm thick cured sacrificial layer by the gold electroplating method ( figure 7(c) ). Finally, all the structures are released by the oxygen plasma process. In this process, the plasma step and relaxing step are done alternately in order to minimize the structural deformation of the movable parts due to thermal effect ( figure 7(d ) ). The SEM images of the fabricated filter are shown in figure 8.
Measurements
We measured the center frequencies and S-parameters of the fabricated filter to verify the feasibility of our filters for WLAN applications. The measurements were achieved using an HP 8510C network analyzer with a 150 µm pitched coplanar probe over a frequency range from dc to 8 GHz. Before measurements, calibration was done using a shortopen-load-thru (SOLT) method with an impedance standard substrate (ISS). Return loss and insertion loss are determined by measuring S 11 and S 21 in the input and the output ports, respectively. The actuation voltage is applied to the MEMS frequency-tuning elements through the pre-fabricated bias pads.
Contact-type tunable filter
In the contact-type tunable filter, the direct-contact MEMS switches are the key elements for tuning of the center frequency of the filter. The SEM photograph of the fabricated MEMS switch is shown in figure 9(a) . The switch operation results in a decrease of total inductance of the filter. Accordingly, the center frequency is shifted to the high-frequency band. Characteristics of the MEMS switch, therefore, are the important factors affecting the overall filter performance. The measured actuation voltage of the fabricated MEMS switch was 58 V. The insertion loss and isolation of the fabricated switch were measured to be 0.14 dB and 18.3 dB at 5 GHz, respectively. The graphs for the measured RF responses of the fabricated filter were shown in figure 10 . The measured initial center frequency with a zero bias voltage was 2.5 GHz. When the dc actuation voltage of 58 V was applied to the two MEMS switches, the center frequency of the filter was tuned from 2.5 to 5.1 GHz (49% tuning). Measured center frequencies show the differences of only 4 and 1.9% from the target frequency values at the low-and high-frequency bands, respectively. This is because the center frequency of this filter is determined just by the inductance and capacitance values, which are already defined through the design of spiral inductors and MIM capacitors. In this case, the MEMS switch operations merely provide two physical states-open or short-of the transmission line for band selection, but are not directly relevant to the specific center frequency value itself. In the low-and high-frequency bands, the total insertion losses were measured to be 4.7 dB and 5.2 dB, respectively. This was attributed to low Q-factors of planar resonators. The Q-factors were 19 and 17 at the switch OFF and ON states, respectively. The conductor ohmic loss of the transmission line and dielectric loss on the MIM capacitors would be the dominant factors increasing the filter loss in the low-frequency band. In the high-frequency band, in addition to the conductor and dielectric losses, the contact resistance of the MEMS switch in the ON state also contributes significantly to the increase of the total filter loss. Due to this effect, the total passband insertion loss of the filter in the high-frequency band was measured to be 0.5 dB larger than in the low-frequency band. In this case, the contact resistance extracted from measured data was 0.8 . These loss factors would lead to a discrepancy between simulated results in terms of the loss, since these factors were not considered in the simulation.
Capacitive-type tunable filter
In the proposed capacitive-type tunable filter, a total of 12 MEMS variable capacitors are used to tune the center frequency of the filter. With the applied bias voltage, 12 MEMS variable capacitors are simultaneously pulled down to the bottom electrode, resulting in an increase of total capacitance of the resonator. This increasing change of the capacitance causes a down-shift of the center frequency of the filter. Figure 11 shows the measured RF characteristics of the fabricated capacitive-type filter. With the actuation voltage of 60 V, the center frequency was shifted to 2.6 GHz (48 %) from the initial value of 5.4 GHz. In this case, larger frequency shifting from designed values was observed compared to the contact-type filter. The capacitance of this filter is very much influenced by the parameters such as roughness of the dielectric layer and electroplated bottom electrode, structural deformations and fabrication errors [16] . It would be for these reasons that the measured center frequencies are slightly different from the target frequencies. The discrepancy compared to simulated center frequencies of 2.4 GHz and 5.2 GHz mainly originates from the air-gap thickness error of the variable capacitor in the up state. The extracted initial air-gap between the bridge structure and the bottom electrode is 1.1 µm which is 0.1 µm higher than the designed value. The Q-factors were 17 and 24 at the up and down states, respectively. In each frequency band, the total insertion losses were 3.3 dB and 2.8 dB, respectively. The insertion loss in the shifted low-frequency band (when the variable capacitors are pulled down) is much smaller than that of the contact-type filter by eliminating the loss factor due to the metal contact resistance because the variable capacitor has no metal-to-metal direct contact part.
Conclusions
Two types of micromachined tunable filter for WLAN applications have been proposed in this paper. In the proposed two filters, the frequency tunabilities were achieved by discrete change of the inductance using switched inductors and capacitance change using variable capacitors, respectively. These two filters were fabricated using micromachining technology, and their RF characteristics were measured and compared. In the contact-type filter, the measured center frequencies of the filter are 2.5 GHz and 5.1 GHz, respectively. The passband insertion loss was 4.7 dB at 2.5 GHz, and 5.2 dB at 5.1 GHz, respectively. The measured center frequencies were close to the target center frequencies due to the discrete ON/OFF switching of the direct-contact MEMS switch. However, the contact resistance of the switch led to an increase of the insertion loss at the high-frequency band. In the capacitive-type filter, the measured initial center frequency was 5.4 GHz. With the applied voltage, the center frequency was moved to 2.6 GHz. The total insertion loss was 2.8 dB at 5.4 GHz and 3.3 dB at 2.6 GHz. The measured passband insertion loss of the filter was lower than that of the contacttype filter, since the capacitive-type filter is not affected by contact resistance due to metal direct contact. These results clearly show that the two types of proposed MEMSbased tunable filters using micromachined frequency-tuning elements have a high potential for WLAN applications.
